An in vivo mutation assay has been developed based on flow cytometric enumeration of glycosylphosphatidylinositol (GPI) anchor-deficient rat erythrocytes. With this method, blood is incubated with anti-CD59-PE and SYTO 13 dye, and flow cytometry is used to score the frequency of CD59-negative erythrocytes. The experiments described herein were designed to define the kinetics of mutant erythrocyte appearance and disappearance from peripheral blood to support appropriate treatment and sampling designs for the assay. Wistar Han rats were treated with one of five prototypical mutagens: N-ethyl-Nnitrosourea (ENU); 7,12-dimethyl-1,2-benz[a]anthracene (DMBA); 4-nitroquinoline-1-oxide; benzo[a]pyrene; and N-methyl-Nnitrosourea. ENU and DMBA were also evaluated in Sprague Dawley rats. Animals were treated on three consecutive days (days 1-3) via oral gavage, and blood specimens were obtained on days 21, 4, 15, 30, 45, and 90 (and day 180 for ENU). A second endpoint of genotoxicity, the frequency of peripheral blood micronucleated reticulocytes, was measured on day 4. Each chemical induced micronuclei and the GPI anchor-deficient phenotype. Increased mutant cell frequencies were evident at day 15. Mutant reticulocyte frequencies remained relatively stable for some chemicals, but others peaked and then dropped significantly. The differences in kinetics observed are presumably related to the degree to which mutation occurs in hematopoietic stem cells versus more committed cells with limited self-renewal capacity. Collectively, the results suggest that enumerating GPI anchordeficient erythrocytes is an efficient means of evaluating the in vivo mutagenic potential of chemicals. The kinetics and ease of scoring this blood-based endpoint suggest that integration into routine toxicology studies will be feasible.
The product of the X-linked Pig-a gene is essential for the synthesis of the glycosylphosphatidylinositol (GPI) anchor that links a specific subset of proteins to the cell surface (Kawagoe et al., 1994) . For example, the antigens CD59, CD55, CD24, and CD48 are attached to the cytoplasmic membrane of hematopoietic cells via GPI anchors (Hernandez-Campo et al., 2007) . Of the genes required to form GPI anchors, only Pig-a is located on the X chromosome. The gene's single functional copy status, in combination with its essential role in GPI anchor synthesis, combines to make Pig-a an attractive reporter for in vivo mutation (Araten et al., 1999; Bryce et al., 2008; Chen et al., 2001; Miura et al., 2008a; Phonethepswath et al., 2008) . Literature surrounding the etiology of the blood disease paroxysmal nocturnal hemoglobinuria supports this premise as GPI anchor-deficient clones have invariably been found to be bona fide PIG-A mutants (Nafa et al., 1998; Nishimura et al., 1999; Rosse and Ware, 1995) . Additionally, Miura et al. (2008b) have sequenced the Pig-a gene in GPI anchor-deficient rat lymphocytes and demonstrated that in this case as well, the anchor-deficient phenotype is virtually equivalent to the mutant genotype. This laboratory has previously described flow cytometric approaches for measuring in vivo mutation based on a GPI anchor-deficient phenotype Phonethepswath et al., 2008) . Those proof-of-principle experiments focused on erythrocytes and were accomplished with both mouse and rat blood specimens. Miura et al. (2008a,b) and Dobrovolsky et al. (2009) successfully applied similar flow cytometric scoring strategies to the analysis of mutant phenotype rat erythrocytes and splenic lymphocytes.
Building on these initial data, we developed a simple twofluorochrome method suitable for labeling and analyzing erythrocytes in rats and mice. The purpose of the current studies was to determine the kinetics by which mutant phenotype erythrocytes (RBC CD59À ) and mutant phenotype reticulocytes (RET CD59À ) enter and are eliminated from the circulation, monitoring a period of several months postexposure to five prototype mutagens in two strains of rat. Dose levels were based on range-finding experiments that suggested that the exposures would be well tolerated and induce measurable increases in mutant phenotype cells. The results are discussed in relation to the feasibility of integrating Pig-a mutation measurements into routine toxicology studies.
MATERIALS AND METHODS

Reagents
Sesame oil, Mediatech, Inc. (Herndon, VA) . Heparin solution and all reagents necessary to perform the micronucleus analyses as described herein were from In Vivo Rat MicroFlow PLUS Kits (v090203; Litron Laboratories, Rochester, NY). Lympholyte-Mammal cell separation reagent was purchased from CedarLane (Burlington, NC) (CAT. No. CL5110). Anti-rat CD59, clone TH9, was custom conjugated to phycoerythrin by BD Biosciences (San Jose, CA). SYTO 13 was purchased from Invitrogen (Carlsbad, CA) (CAT. No. S-7575).
Animals, Treatments, and Blood Collection
Experiments were conducted with the oversight of the University of Rochester's Institutional Animal Care and Use Committee. Male Wistar Han and Sprague Dawley rats were purchased from Charles River Laboratories (Wilmington, MA). Rodents were allowed to acclimate for approximately 1 week before treatment. Water and food were available ad libitum throughout the acclimation and experimental periods. Each treatment group consisted of five randomly selected rats age 7-8 weeks at the start of treatment. Experiments included a concurrent vehicle control group. All treatments were via oral gavage, 10 ml/kg body weight. Test articles were administered at approximately 24-h intervals on three consecutive days (days 1-3). ENU was administered in PBS (pH 6) at 20 and 40 mg/kg/day; DMBA was administered in sesame oil at 25 and 50 mg/kg/day; MNU was administered in PBS (pH 6) at 15 and 30 mg/kg/day; B[a]P was administered in sesame oil at 125 and 250 mg/ kg/day; and 4NQO was suspended in dH 2 O with 0.5% (vol/vol) methyl cellulose and administered at 12.5 and 25 mg/kg/day.
Blood specimens were collected from each animal on days À1, 4, 15, 30, 45, and 90 (and 180 for ENU) . Blood was obtained by nicking a lateral tail vein with a surgical blade after animals were warmed briefly under a heat lamp. Approximately 50-100 ll of free-flowing blood were collected directly into heparinized capillary tubes (Fisher Scientific; . Immediately upon collection, 30 ll of each blood specimen was transferred to tubes containing 100 ll heparin solution (500 units/ml PBS) where they remained at room temperature for less than 2 h, after which time, they were either immediately leukodepleted as described below or else stored at 4°C until leukodepletion occurred (within 1 h).
Cell Staining: Pig-a
Each whole blood/heparin specimen (130 ll) was layered on top of 3 ml room temperature Lympholyte solution. Specimens were centrifuged at 800 3 g for 20 min to enrich for erythrocytes. The resulting supernatants were aspirated, and 300 ll PBS was gently added to each tube while taking care not to disturb the erythrocyte pellet. The PBS rinse solution was removed, and a second volume of PBS (300 ll/tube) was added as before. After removing the second rinse volume, 155 ll of PBS was added to each tube. Cells were resuspended with gentle pipetting, and 150 ll from each tube was transferred to new 15-ml polypropylene tubes containing 100 ll working anti-CD59-PE solution (3 parts stock antibody to 17 parts PBS þ 2% fetal bovine serum). After incubating for 30 min on ice, each cell suspension was added to a new tube containing 10 ml PBS. After centrifugation and aspiration, pellets were resuspended with 1 ml nucleic acid dye solution (157nM SYTO 13, prepared in PBS). After incubating for 30 min at 37°C, samples were placed on ice until flow cytometric analysis (within approximately 2 h).
Instrument Calibration Standard: Pig-a
An instrument calibration standard was prepared on each day of analysis by creating a specimen with approximately 50% wild-type cells and 50% mutantmimicking cells. The mutant-mimicking cells were generated from rat blood that was fractionated and stained with SYTO 13 as described above but was not incubated with anti-CD59-PE. Immediately before experimental samples were analyzed, equal volumes of these mutant-like RBCs were added to a tube of fully stained cells (SYTO 13 and anti-CD59-PE). The resulting instrument calibration standard provided sufficient numbers of RBCs that exhibited a full range of PE and SYTO 13 fluorescence intensities that were useful for optimizing photomultiplier tube (PMT) voltages and fluorescence compensation settings on a daily basis. The position of the CD59-negative cells also provided a rational approach for defining the vertical demarcation line that was used to distinguish mutant and wild-type cells.
Data Acquisition: Pig-a A FACSCalibur flow cytometer (BD Biosciences) providing 488 nm excitation and running CellQuest Pro v5.2 software were used for these studies. For measurement of the frequency of RBC CD59À cells, data acquisition was triggered on the forward scatter parameter, and the fluidics rate was set to low. This facilitated efficient collection of 1 3 10 6 RBCs per specimen ( 5 min). As these forward scatter-triggered analyses acquired 1 3 10 6 RBCs per specimen, they also provided a means to measure the frequency of reticulocytes (RETs) in total RBCs.
For analyses where the frequency of RET CD59À was measured, the fluidics rate was medium and the data acquisition trigger was set on SYTO 13-associated fluorescence. This SYTO 13 threshold value was set sufficiently high such that the majority of red blood cells (i.e., mature erythrocytes that lack RNA) were eliminated from consideration. This strategy reduced file sizes and also allowed for a greater fluidics rate, making it feasible to evaluate between 0.3 3 10 6 and 1 3 10 6 RETs per specimen in 15-20 min.
Micronucleus Assay, Cell Staining, and Data Acquisition
Micronucleated reticulocyte (MN-RET) measurements were performed on day 4 blood specimens using a FACSCalibur flow cytometer providing 488 nm excitation. The necessary reagents and instructions for their use were from In Vivo Rat MicroFlow PLUS Kits as described in detail elsewhere (Dertinger et al., 2004; MacGregor et al., 2006; Torous et al., 2003) . Kit-supplied malariainfected erythrocytes served as biological standards and guided instrument settings on each day of analysis (Dertinger et al., 2000; Tometsko et al., 1993) . The frequency of MN-RET was determined upon the acquisition of 20,000 CD71-positive RETs per blood sample unless cytotoxicity was extreme.
Calculations and Statistical Analyses
Calculations of frequency, average, SEM, and arcsin-square root transformations were performed with Excel Office X for Mac (Microsoft, Seattle, WA). All statistical tests described below used p < 0.05 to indicate significance.
Pig-a assay. The frequency of mutant phenotype RBCs is expressed as the number of RBC CD59À per 1 million total RBCs. The frequency of mutant phenotype RETs is expressed as the number of RET CD59À per 1 million total RETs. For graphical presentations, each mutagen-treated group's RET values are expressed as a percentage of the mean vehicle control value at that same time-point.
Pig-a data were analyzed with SAS (v 9.1) and Matlab (v 2008a) . The primary endpoints included the frequency of RETs, the frequency of RET
CD59À
, and the frequency of RBC CD59À as measured by flow cytometry. The effect of treatment on each endpoint was considered at each individual time-point using the nonparametric Kruskal-Wallis test. When significance was reached, pairwise comparisons based on the Wilcoxon rank sum test were performed to further evaluate vehicle against each of the other treatment groups. Additionally, in order to assess the overall significance of treatment 60 effect across time-points, the p values obtained either from the Kruskal-Wallis tests or from the Wilcoxon rank sum tests (days 4-90) were combined using Fisher's combination method. The associated (overall) p value was computed for each endpoint using a permutation approach. This was done separately for each endpoint and for RBC CD59À and RET CD59À jointly. Finally, mixed effects models, including a random intercept that modeled the between-experiment variability, were used to describe values of the endpoints at baseline and to compute 95% confidence intervals for the mean measurement.
Micronucleus assay. For each blood specimen, the proportion of MN-RET among RETs was transformed in Excel as follows: transformed data ¼ asin(sqrt(proportion of MN-RET)). One-way ANOVA was used to evaluate the effect of treatment on these transformed MN-RET proportions (JMP software, v5.0 for Mac). If p < 0.05, each treatment group was compared to vehicle control using Dunnett's multiple comparison t-test.
RESULTS
Pig-a staining strategy
With minor modifications, our previously reported approach for scoring GPI anchor-deficient mouse erythrocytes using a simple two-color staining scheme (Phonethepswath et al., 2008) was found to be effective for rat blood. Figure 1 describes the gating logic that was used to restrict analyses to erythrocytes. This strategy was used to exclude any platelets and leukocytes that may have remained after the leukodepletion step. Fluorescence profiles of gated events (erythrocytes) are shown in Figure 2 . The nucleic acid dye SYTO 13 was observed to resolve mature erythrocytes from RETs, while the FIG. 1. Three bivariate graphs illustrate the gating logic used for the mutant scoring application described herein. The strategy is used to restrict the mutation measurements depicted in Figure 2 to erythrocytes only. Left: Events must fall within a region that is designed to exclude subcellular debris and platelets. Middle: Events must fall within a region that accommodates mature erythrocytes and reticulocytes but excludes leukocytes based on their intense SYTO 13 fluorescence signal. Right: Events must fall within a region that excludes aggregates as well as cells that are coincident at the laser-stream intersect.
FIG. 2.
Bivariate plots of representative SYTO 13 versus anti-CD59-PE fluorescence profiles (gated events, i.e., erythrocytes). Left: Instrument calibration standard; mutant-mimicking cells were spiked into blood that was processed according to the standard protocol. This specimen provides enough events with a full range of fluorescence intensities to optimize PMT voltages and compensation settings. This calibration standard also provides a means for rationally and consistently setting the position of the vertical demarcation line that discriminates mutant versus nonmutant cells. Middle: Vehicle control rat blood; note the very low incidence of cells in the upper left and lower left quadrants. These anti-CD59-negative events are Pig-a mutant phenotype reticulocytes and mature erythrocytes, respectively. Right: Blood obtained 45 days after treatment with the mutagen DMBA. Note the elevated numbers of events that appear in the upper left and lower left quadrants, i.e., Pig-a mutant phenotype reticulocytes and mature erythrocytes, respectively.
Pig-a MUTATION KINETICS
anti-CD59-PE reagent provided more than two logs of fluorescent resolution between wild-type and GPI anchordeficient erythrocytes. Data compiled from each of the 75 day À1 Wistar rat specimens (15 rats per study 3 five studies) are provided in Table 1 . These data demonstrate consistent low spontaneous mutation frequency measurements, a critical requirement for this extremely rare event scoring application.
Pig-a overview
The results of seven studies involving five mutagens are described below. RET CD59À and RBC CD59À frequencies were found to be significantly elevated (p < 0.05) for each of the five mutagenic chemicals at each of the dose levels studied. All p values are reported in a Supplemental material.
Wistar: N-ethyl-N-nitrosourea
Frequencies of RETs, RET CD59À , RBC CD59À and MN-RET following treatment of Wistar rats with ENU are shown in Figure 3 . Pronounced reductions of RET frequencies were evident for both ENU groups on day 4. The low-dose group returned to control levels by day 15, whereas a rebound Figure 3 , ENU also caused significant cytogenetic damage, as evidenced by increased %MN-RET values.
Wistar: N-methyl-N-nitrosourea
Frequencies of RETs, RET
CD59À
, RBC CD59À and MN-RET following treatment of Wistar rats with MNU are shown in Figure 4 . MNU caused pronounced reductions of RET frequencies on day 4: 84 and 87% reduction for low-and high-dose groups, respectively. Whereas the low-dose group's RET frequencies returned to control-like values for the remainder of the study, by day 30, the high-dose group overshot controls and remained significantly elevated through day 90.
At day 15, RET CD59À values were dramatically elevated in each animal that received the high dose of MNU (average ± SEM ¼ 702 ± 130 3 10 À6 ). While these frequencies were similar in magnitude to those observed for the high-dose group of ENU-treated animals, unlike ENU, the MNU-induced RET CD59À values fell considerably by day 30 in each of the five high-dose animals (215 ± 85 3 10 À6 ). From this timepoint forward, RET CD59À values were highly variable. As shown in the lower right panel of Figure 4 , the majority of the rats in the high-dose group exhibited near-baseline RET CD59À values at the last two time-points (four of five rats near baseline at day 45 and three of five on day 90). In marked contrast to these rats, #13M's RET CD59À frequency rose to an extremely high value on day 45 (2356 3 10 À6 ) and remained
FIG. 4. Frequencies of RETs, RET CD59À
, and RBC CD59À following treatment with MNU, Wistar rats. Data are formatted as in Figure 3 , except that RET CD59À frequencies are not graphed for day 4 (too few RETs were acquired); also, the lower right panel does not portray micronucleus values but rather mutant phenotype reticulocyte values of individual animals in the high-dose group as a function of time.
Pig-a MUTATION KINETICS elevated at day 90. Rat #11M was at baseline frequency at day 45 but increased significantly by day 90. Clonal expansion is the most likely explanation for the increased mutant frequencies in these two animals at the late time-points. The mean RBC CD59À frequencies were observed to increase in a dose-dependent manner, and the effect of treatment was statistically significant at day 15 through day 45 for the highdose group and at day 30 through day 45 for the low-dose group. Unlike ENU, the low MNU dose produced a minimal response compared to the high-dose group, despite the fact that dose spacing (1/2) for both agents was the same. The RBC CD59À response appeared to achieve a maximal value at about day 45.
While elevated MN-RET frequencies were noted in MNUtreated animals, CD71-positive RET frequencies were so low that quantitative analysis of micronuclei was deemed inappropriate. Figure 5 . Treatment with low and high doses of DMBA substantially reduced RET frequencies relative to controls. The low-dose group returned to control levels by day 15, whereas the high-dose group's %RET values tended to remain modestly higher, although not significantly so.
The low-dose group exhibited a maximal RET CD59À response on day 15, whereas the high-dose group did not peak until day 30. Regardless of DMBA dose, following a peak, a reduction to RET CD59À frequency was observed before a plateau became evident. Mean RBC CD59À frequencies were significantly elevated in treated animals on days 15-90. These increases were dose related at day 30 and onward. As with the other chemicals, DMBA-induced RBC CD59À frequencies reached a maximum at about day 45, remaining relatively constant thereafter.
As shown in Figure 5 , DMBA also increased the frequency of MN-RET in a dose-dependent manner. Figure 6 . At day 4, mean RET values were significantly affected by both low and high 4NQO dose levels: 49 and 66% reduction relative to control, respectively. Both 4NQO treatment groups rebounded strongly and exhibited significantly elevated frequencies relative to control values on day 30.
As noted for the other chemicals, a maximal RET CD59À response occurred earlier than that observed for the total RBC cohort. Peak values were observed in the high-dose group on day 15, with a considerable reduction evident between days 30 and 45. Mean RBC CD59À frequencies exhibited significant treatment-related effects at day 15 and onward. 4NQO-induced RBC CD59À values reached a maximum on day 45, with a slight reduction thereafter.
The high dose of 4NQO was also observed to significantly increase the frequency of MN-RET.
Wistar: benzo[a]pyrene
Frequencies of RETs, RET CD59À , RBC CD59À , and MN-RET following treatment of Wistar rats with B[a]P are shown in Figure 7 . B[a]P treatments caused modest reductions to day 4 RET values that were not statistically significant (19 and 33%). Even so, both the low-dose and the high-dose groups exhibited significantly higher frequencies than controls at the day 15 time-point.
Mean RBC CD59À frequencies were significantly elevated in both B[a]P dose groups on days 15 and 45. Greater but more variable RET CD59À values were evident on day 15 for the highdose group. Both doses of B[a]P significantly increased blood MN-RET values.
Sprague Dawley: N-ethyl-N-nitrosourea ENU was also studied in a second strain of rat (Sprague Dawley). The resulting data are shown in Figure 8 . Both the magnitude and the kinetics of the RET, RBC CD59À , and RET CD59À responses are very similar to those observed for Wistar Han rats treated at the same dose levels. Low and high ENU dose levels increased day 4 MN-RET frequencies, but mean values were slightly lower than those observed for Wistar rats. 
Persistence of increased mutant frequencies
As the RBC CD59À and RET CD59À responses for ENU appeared relatively constant between the day 45 and 90 timepoints, we extended the observation period of the animals in the high-dose group of Wistar rats to day 180 (6 months). As shown in Figure 10 , the RBC CD59À response remained stable, while the mean RET CD59À frequency appeared to drop modestly between days 90 and 180 such that the RBC CD59À and RET CD59À frequencies were essentially the same at the terminal time-point.
DISCUSSION
The kinetics data for five prototypical genotoxicants presented herein support the continued development and validation of Pig-a-based mutation assays. Each of the two rat strains studied showed robust mutation responses following treatment. In the case of ENU, the two strains' RET CD59À and RBC CD59À kinetics and yields were very similar. While the magnitude of high-dose DMBA mutation frequencies was similar across strains, the kinetics and also the degree to which low and high doses resolved themselves differed. Differences in metabolism between the two strains may explain this finding as DMBA requires metabolic activation to exert its mutagenic effect.
The simple, efficient, and minimally invasive in vivo mutation assay described herein complements the current regulatory emphasis on cytogenetic damage endpoints (U.S. Food and Drug Administration Office of Food Additive Safety, Redbook, 2000) . The characteristics of this assay are also well suited to help fill two important technological gaps in risk assessment of genotoxic agents: (1) lack of a simple and 
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inexpensive method for monitoring mutations in vivo, one of the key events in the multistep process of carcinogenesis and (2) the need for more quantitative methods to more accurately define dose-response curves over a wide range of doses as a function of time (Pottenger and Gollapudi, 2009 ). Furthermore, the kinetics and ease of sampling and scoring of this assay are favorable to integration of mutagenicity measurements into routine toxicology studies, including those conducted in nonrodent species. Additionally, as evidence mounts that cancer may be best understood as a stem cell disease (Bonnet and Dick, 1997; Dalerba et al., 2007; Dick, 2008; Reya et al., 2001) , the value of genotoxicity endpoints that are capable of evaluating the effects of damage to stem cells becomes increasingly important. Regarding this last point, it is noteworthy that mutant phenotype erythrocytes tended to persist for at least 90 days following acute treatments. The 6-month ENU data presented herein demonstrate that aberrant cell frequencies persist both in the most recently formed and in the short-lived fraction of erythrocytes (reticulocytes). Miura et al. (2009) also noted increased ENU-induced RBC CD59À frequencies up to 6 months after treatment. While it is not known how long a cohort of committed erythroid progenitors contribute to red cell production in vivo, these progenitors normally mature over a period of 7-14 days in vitro (Iscove and Sieber, 1975) . In the setting of bone marrow transplantation, stable hematopoietic stem cell-derived blood cell synthesis is reestablished within 4-6 months (Jordan and Lemischka, 1990) . These studies are consistent with the notion that only hematopoietic stem cells have the necessary longevity to continually produce new mutant erythrocytes for this period of time. A lesion at the level of the hematopoietic stem cell is also consistent with the observation of similar mutation frequencies by Miura et al. (2008b) both in RBCs and in splenic lymphocytes.
Given the short-term treatment schedule used herein, the maximum incidence of mutant reticulocytes was observed to occur within about 2 weeks, whereas approximately 45 days was required to reach the maximal RBC CD59À frequency. This latter value is in good agreement with that of Miura et al. Pig-a MUTATION KINETICS 6 weeks. However, it should be emphasized that acute dosing is not necessarily a study design of choice. While this design was valuable for defining the kinetics and behavior of mutant phenotype cells in circulation, the data presented herein suggest that mutant cells will accumulate with repeat dosing, a scenario that would make protracted administration schedules a more sensitive format for detecting weak mutagens. This view is consistent with that of Miura et al. (2009) , who showed that mutant frequencies induced by a high dose of ENU could be recapitulated by fractionating the same total dose over time. For integration with repeat dose study designs, the preferable target cell population is the RETs because the lag time from dosing to maximum induced frequency is much shorter than is the case with the RBC population. Indeed, data recently generated by our laboratory based on 28 consecutive days of exposure, with a day 29 blood harvest, suggest that this widely used toxicology study design is highly compatible with Pig-a mutation assessment when the primary endpoint is RET CD59À as opposed to RBC CD59À (manuscript in preparation).
It is interesting to compare the data from the ENU and MNU experiments. While these agents are both monofunctional alkylators that have a high affinity for oxygen atoms, their DNA adduct profiles differ considerably. Phosphotriesters and N 7 -G adducts are the first and second most common lesions induced by ENU, but the prevalence of these adducts is reversed in the case of MNU exposure (Beranek, 1990) . Such physiochemical properties are likely responsible for the majority of the response differences we observed.
The ENU and MNU Pig-a results are also noteworthy because they support consideration of a flexible experimental design. Specifically, in the case of a positive result, whether the study design involves acute or protracted exposure, additional information may be gained by holding select animals for an extended period of time after treatment ceases. Although these two chemicals induced RET CD59À responses that were initially similar for the high-dose groups, the ENU response persisted, while the majority of MNU animals showed a reduction that achieved nearbaseline values by day 45. This differential persistence presumably relates to the target cells being mutated. Thus, these data 68 suggest that ENU mutates stem cells more effectively than MNU, whereas MNU predominately affects committed progenitor cells that have limited proliferative capacity. The significance of stem cell versus committed progenitor mutation requires further study but may become important for future risk assessment models, especially if data continue to support the importance of stem versus progenitor cell-derived leukemogenesis (Passague and Weissman, 2005) . Of course, one caveat of the late time-point analyses is also evident in the MNU data set-as time passes, it is possible that mutant cell frequency can become driven by activation and expansion of mutant hematopoietic stem cells. A direct but rather resource-intense approach to address this concern would be to follow up an erythroid lineage response with analyses performed on lymphocytes from the same animals. By challenging lymphocytes to form colonies in the presence of the pore-forming toxin aerolysin (a high-affinity GPI ligand), it is possible to derive Pig-a gene sequence data (Miura et al., 2008b) . We believe that more routine and practical solutions will allow one to effectively mitigate against occasional instances of clonal expansion/dominance; for instance, the collection of longitudinal data, an experimental design that would tend to highlight such occurrences.
More work is needed to fully understand the significance and merit of Pig-a-based mutation assays. For instance, in order to critically evaluate the sensitivity and specificity of the endpoint, it will be important to study additional mutagenic agents as well as nonmutagens tested to maximum tolerated doses. Data to date are encouraging and suggest that the assay may provide a cross-species endpoint with kinetics and blood-based characteristics that make it well suited for integration into routine toxicology and carcinogenicity studies. 
